A pot experiment was conducted to investigate the effects of nitrogen (N) addition (0, 20, 40 g N m −2 year −1 , N0, N20, N40, respectively) on the growth, and biomass accumulation and allocation of coniferous and deciduous (Picea asperata Mast. and Betula albosinensis Burk.) seedlings under a range of soil moisture limitation (40%, 50%, 60%, 80% and 100% of field capacity, FC). At 100% FC, growth of shade-tolerant P. asperata increased with N supply, while that of shade-intolerant B. albosinensis reached a maximum at N20, declining somewhat thereafter. At 60% FC and lower moisture content, water availability limited the growth of P. asperata seedlings, while N availability became progressively limiting to growth with moisture increasing above 60% FC. The transition from principally water-limited response to N-limited response in B. albosinensis occurred at lower moisture content. For P. asperata, these patterns reflected the responses of roots, consistent with changes in root/shoot biomass. For B. albosinensis the response reflected changes in shoot dimensions and root biomass fraction, the latter decreasing with size and foliar [N]. We are not aware of another study demonstrating such differences in the shape of the growth responses of seedlings of differing potential growth rate, across a range in belowground resource supply. The responses of leaf photosynthesis (as well as photosynthetic water and N-use efficiencies) were consistent with the observed growth response of P. asperata to water and N availability, but not of B. albosinensis, suggesting that leaf area dynamics (not measured) dominated the response of this species. Betula albosinensis, a fast-growing species, has a relative narrow range of soil water and N availability for maximum growth, achieved by preferential allocation to the shoot as resources meet the requirements at moderate N and water supply. In contrast, P. asperata increases shoot biomass progressively with increasing resources up to moderate water supply, preferentially growing more roots when resources are not limiting, suggesting that its capacity to produce shoot biomass may reach a biological limit at moderate levels of resource supply.
Introduction
Growth responses of seedling to ranges of water and nutrients availability is simpler to quantify than that of stands, as is determining the mechanisms involved in shaping the response. Not only can these studies provide information readily useful for assessing seedling responses in nurseries, and soon after planting, but certain eco-physiological responses of seedlings can be employed in diagnosis and modeling of stand-scale performance. For example, the growth response of Picea abies seedlings to nitrogen (N) supply, as reflected in needle magnesium concentration (Ingestad 1959) , explained the variation in growth among 30-year-old stands after accounting for size differences (Oren et al. 1988) . Unfortunately, most studies on the response of seedlings to soil resources are performed with optimal nutrients over a range of water availability (Zhang et al. 2015 , Yin et al. 2016 , or with unlimited water over a range of nutrient supply (Ingestad and Kahr 1985, Berger and Glatzel 2001) , so the shape of the response, particularly the shape of the interactive response, cannot be determined.
When mechanisms were investigated, three classes were identified as potentially contributing to the type (additive vs synergistic) and shape (linear, saturating or peaking) of growth responses. Observed responses to increasing N supply include greater water-use efficiency (WUE) due to alteration of leaf photosynthetic biochemical processes, thus conferring some protection against drought (Yin et al. 2009 ). Responses to increasing water stress under high N supply include reduced photosynthesis and growth stimulation due to more transpiring surface area relative to absorbing surface area, or increasing vulnerability to cavitation of the water transport tissues (Ewers et al. 2000 , Zhang et al. 2014 , thus increasing sensitivity to water limitation . At the extreme, developing water stress under no N limitation may reduce growth relative to seedlings with no N addition (Nilsen 1995 , Dong et al. 2011 , Meyer-Grünefeldt et al. 2015 , Dziedek et al. 2016 . A more common response, however, is higher growth with N supply when water is less limiting due to higher photosynthetic capacity or WUE, but no growth response to N supply under water stress due to the compensating physiological or structural changes (e.g., Jose et al. 2003 , Yin et al. 2012 , Liu et al. 2013 ). These varied responses may reflect species-dependent differences in capacity to adjust (Coyle et al. 2013) , soil (or media) properties (Graciano et al. 2005) , N source or soil pH (DesRochers et al. 2007) or even the competitive effects among different species in ecosystem (van der Waal et al. 2009) .
A qualitative evaluation of published data (see Table S1 available as Supplementary Data at Tree Physiology Online) show that the response of total biomass to increasing N supply of deciduousbroadleaved species (n = 17) under water stress was 0.70 the response under no water limitation (P < 0.05; see Table S2 available as Supplementary Data at Tree Physiology Online). [The response for evergreen conifer species was further reduced to 0.62, but was insignificant owing to the small number of species (n = 3).] The response thus suggest that, at least for broadleaveddeciduous species, the relative response to nutrient supply is greatly restricted under water stress conditions (see Table S2 available as Supplementary Data at Tree Physiology Online), meaning the effect of drought on growth is greater in soil of ample N supply. Yet, not only it is unclear what is the form of the response of different species to changes in both water and N availabilities, but evaluation of mechanistic controls of the growth response was not possible because many studies (e.g., 6 of 13 published studies assembled in Table S1 available as Supplementary Data at Tree Physiology Online) did not measure structural or physiological responses. Nevertheless, it is likely that some of the responses were mostly associated with changes in allocation (Canham et al. 1996) , while others were associated with increased leaf-scale photosynthetic rate, and more rapid buildup of leaf area (Zhou et al. 2011) .
At this time, the shape of tree growth response to water and N supply, and the mechanisms involved are unclear. To evaluate whether the shape of the response to decreasing resources of Picea asperata Mast. is distinct from that of Betula albosinensis Burk., as well as to identify the likely mechanisms involved, we set up an experiment with more levels of supply of each resource than commonly employed (five levels of water supply over three levels of N supply). These two species not only represent different functional groups (evergreen conifer vs deciduous broadleaved), but both species are widely distributed in the sub-alpine forests of the Eastern Tibetan Plateau, in the transition zone from the Qinghai-Tibet plateau to Sichuan basin, forests that are considered highly sensitive to global climate change (Wang et al. 2003) . These are the main secondary forest species of this boreal forest, in which B. albosinensis is a pioneer tree species and photophilous, while P. asperata is a mid-to-late successional species, better tolerating shade, drought and cold (Lin and Liu 2008) . These species are also similar to others prevalent over the entire boreal forest. We anticipated their growth responses to easing N and water limitations to be similar, increasing biomass as resource limitations ease ultimately reaching a maximum, but we were unable to set specific expectations for the mechanisms involved in the responses of each species.
Materials and methods

Study site and experimental design
The experiment was conducted at Maoxian Mountain Ecological Research Station, Chengdu Institute of Biology, Chinese Academy of Sciences, Sichuan province, China (31°42′ N, 103°54′ E, 1826 m above sea level). Long-term mean annual temperature, precipitation and pan evaporation are 9.3°C, 825 mm and 969 mm, respectively. The experiment commenced in October of 2013. Three-year-old P. asperata seedlings obtained from a local nursery, and 4-5 months old B. albosinensis excavated from a local forest with the rhizosphere soil retained (to ensure survival), were selected to represent uniform height and stem base diameter, and planted in 10-l containers filled with sieved, homogenized topsoil and grown under rain shelters allowing natural light conditions. Given the pot size, distance between stems (~40 cm) ensured no direct competition during the study period. The soil characterized as a Calcic Luvisol, according to IUSS working group WRB (2007), had the following properties at the beginning of experiment: soil density 1.13 g cm ; pH, 6.75; total N, 2.2 g kg −1
; soil organic matter, 27.5 g kg , respectively. Treatments were administered from 10 May to 10 October. During
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A pre-experiment found high seedling mortality rate when soil water was kept below 40% field capacity (FC); thus 40% FC was set as the lowest soil water availability regime. The soil in the experiment area is rich in basic cations, with the most limiting nutrient considered to be N (Wu and Liu 2007) ) were chosen to bracket studies by Zhao and Liu (2009, 25 ); our highest supply rate was similar to, or lower than seven of the 13 published studies on as many species (see Table S1 available as Supplementary Data at Tree Physiology Online). For each species, the experimental design was a factorial combination of five soil watering regimes (40%, 50%, 60%, 80% and 100% of FC, i.e. soil water content of 12%, 15%, 18%, 24% and 30%, respectively, hereafter FC40, FC50, F60, FC80 and FC100) and three levels of N addition (0, 20, 40 
, N0, N20 and N40). This randomized design included three blocks with 15 treatment combinations in each block (5 water × 3 N), i.e., each mean represented three replicates (experimental units). Although there were five potential sampling units (seedlings) in each experimental unit, one randomly selected individual was sampled because more sampling units do not contribute to the statistical power of tests. Nitrogen was added weekly at concentrations of 0, 4.31 and 8.62 mM N in form of NH 4 NO 3 solutions of 200 ml per pot at each application, resulting in the target application rate based on the container surface area. Nitrogen addition amounted to 0, 0.1 and 0.2 g N kg . The pots were weighed every second day and watered to reestablish the soil water content replacing the amount of water lost to evapotranspiration. The pots locations were randomly switched every 2 weeks to avoid systematic error due to the possible differences in microclimate.
Data collection and measurements
Gas-exchange was measured on fully expanded leaves of B. albosinensis or shoots of P. asperata, randomly selected from each replicate of each treatment (N = 3) using an open-mode portable photosynthesis system (Model LI-6400, Li-Cor, Inc., Lincoln, NE, USA) with a light source. The measurements were made under controlled conditions: photosynthetically active radiation of 1600 mmol m −2 s −1
, chamber leaf temperature ranging 24-26°C, and relative humidity ranging 36-55%. Measurements were made from 08:00 to 11:30 h of sunny days in mid-July of 2014 for B. albosinensis, using a 6 cm 2 leaf chamber, and of 2015 for P. asperata, using the Li-Cor 6400-05 conifer chamber. Leaves were then detached and scanned to obtain projected area using WinRHIZO image analysis software (Régent instruments, Quebec, QC, Canada). Net photosynthetic rate (A), stomatal conductance (g s ) and the ratio of intercellular to ambient CO 2 concentration (C i /C a ) were obtained. Intrinsic WUE was calculated as the ratio of A to g s . Foliage and roots were dried (see below) and leaf samples were used to determined leaf mass per area (LMA). Foliar and root N concentrations ([N]) were determined using an elemental analyzer (Milti N/C 2100 S, Jena, Germany). Photosynthetic N-use efficiency (PNUE) was calculated as the ratio of A to foliar [N] converted to content per unit leaf area. For each of these variables one plant per treatment block was measured (N = 3). After one growing season, in October of 2014, plant height (H) and basal diameter (D) of one seedling from each B. albosinensis replicate (N = 3) were measured, and the seedling was harvested. The same procedure was followed in October 2015, after two seasons of P. asperata growth, to allow for its slower growth rate. The biomass samples were divided into shoots (including needles or leaves) and roots dried at 105°C for 15 min and then at 70°C to constant weight, reached within 48 h. Weight of shoot biomass (B S ), root biomass (B R ) and total biomass (B T ) were determined to 0.01 g. From these data, root/ shoot biomass and a proxy of plant stem volume (D 2 H) were calculated (Ruehle et al. 1984) .
Statistical analysis
Data were first tested for homogeneity of variance and normality of distribution. Following two-way ANOVA, LSD mean separation tests were performed. Differences between means were considered significant for P < 0.05. Linear or other statistical fits to raw data were used to describe treatment effects on the parameters and correlations between parameters. For clarity we show treatment means and standard deviation. All statistical analyses were performed with the SPSS 11.5 for Windows (SPSS Inc., Chicago, IL, USA). Statistical fits were used to describe growth responses to different N additions across the range of water availability (Origin Pro 8.5, OriginLab Corporation, Northampton, MA, USA). In analyzing the data, we set the response to N under nonlimiting soil moisture conditions (100% FC) as the standard, from which the effects of reduction in water availability is evaluated. To detect how total biomass responds to various treatments, both in our study and among published studies, we used relative biomass as dependent variable, N addition and water regimes as independent variables to obtain 3D surfaces using SigmaPlot 12.0 (SPSS Inc., San Rafael, CA, USA).
Results
Two-way ANOVA with water and N supply treatments as main effects indicated strong interactions (P < 0.001) in all growthrelated quantities (shoot B s , root B R and total biomass B T , height H and diameter D, and root/shoot biomass). For all main and interaction effects, see Table S3 available as Supplementary Data at Tree Physiology Online. The results were somewhat different for the gas-exchange quantities, with stomatal conductance (g s ) showing interaction for both P. asperata (P = 0.037) and B. albosinensis (P < 0.001). Light-saturated photosynthetic rate (A) showed strong interaction only for former species, while C i /C a showed such interaction only for the latter (P < 0.001 for all). For P. asperata, C i /C a tended to respond to both water (P = 0.051) and N addition (P = 0.060); for B. albosinensis, A was strongly affected by water (P < 0.001) and less so by N supply (P = 0.058). For both species, LMA, foliar [N] and root [N] showed an interaction effect (P < 0.001 except for LMA of P. asperata P = 0.061), as did seedling leaf area of P. asperata (not available for B. albosinensis). Water-use efficiency was not affected by treatments in P. asperata, while significant interaction was detected in B. albosinensis (P = 0.001). For both species, PNUE showed an interaction effect (P < 0.001 for P. asperata and P = 0.056 for B. albosinensis). These results are detailed below, first addressing the effect of N availability under ample water supply (Table 1) The effect of N addition on plant biomass under ample water on plant biomass At FC100, N additions enhanced the biomass accumulation for both species (Table 1) . However, while the highest B T , B S and B R of P. asperata were observed at N40, the maximum was reached at N20 in B. albosinensis. The effect of N addition on seedling dimensions were somewhat different, reaching maximum H for both species at the intermediate N supply, with no further increase, and actually showing somewhat lower D (significant for P. asperata) with further increase of N supply. In contrast to these similarities, root/shoot biomass of P. asperata was highest at N40, but that of B. albosinensis was highest at N0 (Table 1) .
Relative response of plant biomass and dimensions to N supply with decreasing water availability
We chose to employ, as baseline conditions, seedlings in native soil fertility conditions (i.e. unfertilized) but with no water limitation to physiological activity. There were no differences in any biomass component of P. asperata among N addition rates under water regime FC60 or lower (P > 0.05). But when the soil water content was higher than FC60, N additions enhanced biomass Table 1 . Biomass, dimensions and root/shoot biomass (mean ± SD) of Picea asperata and Betula albosinensis seedlings under different nitrogen additions (N0, N20 and N40 were 0, 20 and 40 g N m -2 year -1
, respectively) at 100% soil field capacity. Different letters indicate significant difference (P < 0.05) between the treatments by LSD test. Figure 1 . Relative biomass of Picea asperata (A, C, E) and Betula albosinensis (B, D, F) seedlings as a function of soil water content (normalized by the value of N0 and FC100). All regressions P < 0.001; see regression statistics in Table S4 available as Supplementary Data at Tree Physiology Online.
Tree Physiology Online at http://www.treephys.oxfordjournals.org accumulation ( Figure 1A , C and E). The B S of P. asperata seedlings decreased approximately linearly from FC100 to FC40 at all N addition rates, showing increased sensitivity to water availability with increased N supply ( Figure 1A ; see Table S4 available as Supplementary Data at Tree Physiology Online). Although a similar pattern was observed at N0 and N20 for B R ( Figure 1C ) and, thus, B T ( Figure 1E ), when N was amply supplied, the response of root biomass indicated a threshold at water availability between FC60 and FC80; increased water availability above FC80 resulted in no further increase in B R . The response of B T to water availability under N40 reflected a threshold but no clear indication of saturation. The threshold response of B. albosinensis seedlings was conserved across the biomass components, showing no response to N at FC50 or lower (P > 0.05), and moderate response to N20 at FC60 and saturation response to N0 and N20 at FC80 and higher. Biomass components at N40 increased with water availability, but B S and B T remained lower than those under N20 even at FC100 (Figure 1B, D and F; see Table S4 available as Supplementary Data at Tree Physiology Online).
In contrast to obvious N × water interaction effects on the biomass components of P. asperata seedlings, their dimensions and root/shoot biomass showed a disproportionately smaller response ( Figure 2A , C and E), with most values within~20% of the standard set at FC100 without added N (N0). The dimensions of B. albosinensis ( Figure 2B and D) responded to treatments in proportion to the biomass responses ( Figure 1D and F) , and the root/shoot biomass of this species ( Figure 2F ) in inverse proportion to the biomass.
The relationship between biomass, its components and dimensional variables
To further assess the between-species differences in how well their patterns of biomass and dimensional variables matched in response to N × water, we analyzed the relationship between B T and the variable D 2 H, a proxy of stem volume. All but two of the 15 treatment combinations of P. asperata shared a linear increase of B T with D 2 H ( Figure 3A) ; the two treatments showing Figure 2 . Relative dimension and root/shoot biomass in Picea asperata (A, C, E) and Betula albosinensis (B, D, F) seedlings as a function of soil water content (normalized by the value of N0 and FC100). All regressions, except when specified, P < 0.001; see regression statistics in Table S5 available as Supplementary Data at Tree Physiology Online. a different behavior were under high N (N40) and water supply (FC80 and FC100). In these treatments, greater B T than expected (based on relationships found in other treatments) was observed, due to a much larger B R relative to B S ( Figure 3C ). Seedlings of B. albosinensis responded differently to N × water. Their B T increased with D 2 H in limiting treatments that kept seedlings small, but trending towards saturation with increasing stem volume as resource limitation to growth eased ( Figure 3B) . The relationship between B R and B S of this species was nearly linear, with no treatment showing an unusual behavior ( Figure 3D ). Thus, B T saturated with D 2 H in the N20, high water supply treatment ( Figure 3B ), for a reason unrelated to treatment-induced changes in carbon partitioning between shoots and roots. Due to error in processing of the material, shoot biomass of B. albosinensis was not separated to leaves and stems. However, it was noted that treatments resulting in larger plants also resulted in a larger portion of leafless stem, while stems of P. asperata seedlings held needles to near soil surface. As a result, P. asperata had a linear relationship of needle-to-stem biomass with near zero intercept across (P < 0.001) all 15 treatment combinations ( Figure 3E ).
The amount of leaf biomass necessary to produce a unit of leaf area (LMA) was affected relatively more by water than N availability, decreasing with increasing FC in both species, with N supply increasing LMA mostly in low FC conditions ( Figure 4A and B). In contrast, foliar [N] and root [N] increased, or tended to increase with FC, and the values did not increase progressively with N supply (Figure 4C-F) .
Separating shoot biomass of P. asperata to needles and stems permitted a further investigation of variables likely contributing to the observed growth response. Leaf area increased with water availability and with N supply at~FC80 and above ( Figure 5A) , and was strongly related to B T (inset, Figure 5A ). Stem biomass divided by D 2 H (thus a proxy of wood density) was highest under high N supply and water stress, decreased with increasing water availability and stabilized such that the lowest N supply had the lowest 'density' at the highest FC ( Figure 5B ). Finally, while B R /B S was not related to foliar [N] or B T in P. asperata, even after excluding N40 with FC80 and FC100 (P = 0.68 and 0.15, respectively), strong relationships were observed for B. albosinensis (Figure 5C and D; P < 0.001).
Responses of gas exchange, WUE and PNUE
Light-saturated photosynthetic rate of B. albosiensis was generally higher than that of P. asperata when water was available (FC60 or higher); only at lower FC were the rates of the two species similar ( Figure 6A and B) . The responses of g s ( Figure 6C and D) and C i /C a ( Figure 6E and F) produced a pattern of H (='density', where D is basal diameter and H is height) (B) of Picea asperata with varying nitrogen additions to different watering regimes, and leaf area vs total biomass of P. asperata (inset A), root/shoot biomass vs N concentration (C), and root/shoot biomass vs total biomass (D) of Betula albosinensis. All regressions, except when specified, P < 0.001; see regression statistics in Table S5 available Tree Physiology Online at http://www.treephys.oxfordjournals.org photosynthesis roughly similar to that observed in the growth response of P. asperata to water and N availability, but not for B. albosinensis, for which the pattern mostly reflect that of water availability. This suggests that leaf area dynamics of B. albosinensis, which were not measured in this study, may have dominated the response of this species to N × water. In sum, A increased in both species with g s , increased in B. albosinensis with foliar [N] (Figure 7A -D) and decreased with increasing LMA ( Figure 7E and F), but was weakly related to C i /C a (not shown). With these patterns in A, g s and [N], WUE of P. asperata did not vary with N supply but showed a slight increasing trend with water availability at N0 and N20 ( Figure 8A ). In contrast, no clear pattern emerged in WUE of B. albosinensis with the supply of either resource ( Figure 8B ). Photosynthetic N-use efficiency showed a saturating response to increase in water supply in both species, except at N40 for P. asperata ( Figure 8C and D) .
We note that the length of the treatment was selected to ensure that the final size of the seedlings is similar in both species. This allows analyses to be performed on overlapping ranges of size (e.g., Figure 3A -D), avoiding confounding effects of age and size when comparing the behavior of different species (Evans 1972) . We further investigated whether the length of experiments (up to 17 months) or seedling size (up to 2914 g) affect the response of total biomass to supplies of water and N. Using data from 14 studies on 23 species (see Table S1 available as Supplementary Data at Tree Physiology Online, and the two species from this study), we found no significant relationship between the relative response of total biomass and the length of experiments or plant size (P = 0.086 and 0.421 for these two factors). Thus, plant size and length of experiment should not affect the results in this study, especially considering the comparable size of seedlings of both species. Indeed, beyond searching for mechanisms, we attempted to further increase the generality of our findings by synthesizing a generic relative response based on all studies we found with multiple levels of water and N supplies (Figure 9 ). Figure 6 . Responses of net photosynthesis rate (A), stomatal conductance (g s ) and ratio of intercellular CO 2 concentration and ambient CO 2 concentration (C i /C a ) of Picea asperata (A, C, E) and Betula albosinensis (B, D, F) seedlings to varying nitrogen additions and different watering regimes. All regressions, except when specified, P < 0.001; see regression statistics in Table S5 available Tree Physiology Volume 38, 2018
Discussion
Our experimental setup allowed exploration of the shape of the growth responses of seedlings of differing potential growth rate across a range of belowground resource supply, adding to a small number of such studies (see Table S1 available as Supplementary Data at Tree Physiology Online). Our results show that seedlings of early successional B. albosinensis and mid-to-late successional P. asperata require different amount of N supply when water is amply available (Table 1) , and their biomass production responds differently to decreasing water availability and N supply (Figure 1) . The resource interaction effects on biomass production can be mapped to treatment-induced differences in processes reflected in assimilation rate (and thus PNUE; Figures 6B and 8D) and leaf [N] (Figure 4D) for B. albosinensis, and the biomass fraction of roots ( Figure 3A and C) , leaf area ( Figure 5A ) and stomatal conductance ( Figure 6C) , and stem-wood density ( Figure 5B ) for P. asperata. We expand on these findings below.
Seedling growth response to N availability under non-limiting water supply
After two growing seasons with ample water availability, P. asperata increased shoot and root biomass (B S , B R ) and, thus, the total, B T , with greater N supply. The relative response aboveground was higher in the first increment (N20) and that of roots in the second increment (N40; Table 1 ). The response of B. albosinensis was similar in that the aboveground enhancement after one growing season was greater than that of the roots in the first N addition step (N20), but different in that further increase of N supply resulted in lower B S and B T , a response similar to that observed with Sophora davidii (Wu et al. 2008) and Acer truncatum (Guo et al. 2014) .
Qualitatively relating the biomass responses P. asperata to plant dimensions (Table 1) showed taller seedlings with larger diameter in N20 than N0, but no change in height and actually lower diameter with further increase of N supply (Table 1) . Because stem and needle biomass were linearly related ( Figure 3E ), the increase in B S from N20 to N40 (Table 1) (Table 1 ) cannot be explained with increasing needle fraction of Figure 8 . Responses of water-use efficiency (WUE) and photosynthetic nitrogen-use efficiency (PNUE) of Picea asperata (A, C) and Betula albosinensis (B, D) seedlings to varying nitrogen additions and different watering regimes. All regressions, except when specified, P < 0.001; see regression statistics in see Table S5 available as Supplementary Data at Tree Physiology Online. Figure 9 . Response of total biomass in conifers (A) (N = 2) and broadleaved-deciduous (B) (N = 14) seedlings to varying nitrogen additions and watering regimes, normalized by the value of N0 and FC100. Note: the two coniferous species include those found in Table S1 available as Supplementary Data at Tree Physiology Online except for Pinus strobus, for which we have no information about the N application rate, and Picea asperata from this study; the 14 broadleaved species include those found in Table S1 except for Acacia senegal, Acacia seyal, Fagus sylvatica, Acer rubrum, Acer saccharum and Quercus rubra, for which we have no information about the N application rate, and Betula albosinensis from this study.
Tree Physiology Online at http://www.treephys.oxfordjournals.org total biomass. This suggests that the increase from N20 to N40 in B S was associated with increased density of the stem biomass. Indeed, a proxy of stem density (=stem biomass/D 2 H; Figure 5B ) was lowest in seedlings under FC100/N20 and increased 50% from N20 to N40. Thus, conditions under N20 may have been favorable for volume expansion, perhaps unmatched by carbohydrate production. Indeed, the data suggest higher seedling-scale photosynthesis under N40. This is due to higher A (Figure 6A ), mostly associated with g s (Figure 7A ) rather than foliar [N] ( Figure 7C ) or lower C i /C a (not shown). Thus, higher PNUE under ample water reflected higher g s (Figures 8C and 6C) . Moreover, combining linear increase of leaf mass with stem mass across treatments ( Figure 3E) , and decreasing LMA with FC ( Figure 4A ), allowed seedlings to establish higher leaf area with increasing N ( Figure 5A ). Thus, carbohydrate availability to P. asperata must have increased with N supply under non-limiting water supply.
Taken together, the results suggest that at very high resource supply, P. asperata reached a limit of aboveground size expansion (Table 1) , using the extra carbohydrates to produced denser material aboveground, at least in the stem ( Figure 5B ), and much larger B R (Table 1) . Although the increasing B R /B S may contradict the more common observation of reduction in belowground allocation with N supply (Zhou et al. 2011 , Yin et al. 2012 , we note that the common observation is related to C allocation to more ephemeral components (e.g., fine roots, mycorrhizae), while our data is of total root biomass, greatly influenced by larger diameter, permanent roots. Furthermore, except for higher root biomass fraction under N40 and high water availability, P. asperata showed little variation in the biomass fraction of roots ( Figure 2E ). We also note that, P. asperata did not show a supra-optimal response to N, which is observed when N supply is so high as to affect soil moisture chemistry, the ability of plants to take up other nutrients, and thus their growth, as has been found for P. abies at very high rates of N supply (Ingestad 1959) .
For B. albosinensis under FC100, the increases in plant height and basal diameter from N0 to N20 are consistent with the difference in biomass between these N treatments ( Table 1) . The slight (non-significant) reduction in diameter with further increase of N supply may be sufficient to explain the reduction in B S (and B T ). Thus, in contrast to P. asperata, dimensional and biomass changes of this species with N supply under non-limiting water are consistent, suggesting that the lower biomass accumulation under the highest N may be related to some limitation to carbohydrate production. Although LMA was similar in all N supply levels, and foliar [N] were very similar in N20 and N40 ( Figure 4B and D) , and despite a much lower g s in N40 ( Figure  6D ), a compensating change in C i /C a ( Figure 6F ) resulted in similar A across the entire N supply range at FC100 ( Figure 6A) . The large decrease of g s with increasing N under FC100 may indicate water stress, caused by an unknown (to us) interaction between very high soil moisture and N supply. However, if the very low g s under N40 reflected some form of stress, it was not manifested in higher LMA ( Figure 4B ) or WUE ( Figure 8B ).
We do not have the data necessary to assess whether B. albosinensis under stress in N40, as indicated by lower g s , also caused lower fraction of B S as leaf biomass, potentially leading to carbohydrate limitation and the observed reduction in growth. However, in contrast to P. asperata, stress for this species may have been caused by supra-optimal supply of N, observed on several broadleaved species (Ingestad and Ågren 1995 , Ingestad et al. 1994 , Coyle et al. 2013 ).
Responses of biomass components, dimensions and physiological variables to ranges of N and water availabilities
Biomass accumulation and allocation is related to availability of soil resources (Putz and Canham 1992) , especially soil water and N availability. Generally, root distribution and biomass allocation to roots may be affected more strongly by variation in soil N than moisture availability (Walter 1971 , Canham et al. 1996 , February et al. 2011 . However, there are species differences in biomass allocation in response to soil resource availability. For example, Acer rubrum and Pinus strobus had lower root/shoot biomass under high N supply regardless of water availability. In contrast, Acer saccharum and Quercus rubra, under intermediate light, had higher root/shoot biomass with greater water supply regardless of N availability, but under ample light no clear effect of either water or N supply emerged (Canham et al. 1996) . Despite these apparent differences in the response, these four species showed root/shoot biomass to decrease with foliar [N] , suggesting that supply rates are not translated to availability or uptake similarly across species (Ingestad and Ågren 1995) . Our results show that, indeed, B T increased with supplies of water and N, but the responses are more complex, with both total production ( Figure  9 ) and allocation ( Figure 1 ) changing in an interactive manner, and differently for the two species.
Interactive response (to N × water) of all biomass and dimensional variables (see Table S3 available as Supplementary Data at Tree Physiology Online) suggested that the sensitivity of biomass production to water availability decreased with increasing N availability (Figure 1 ). With decreasing water availability, the size of all biomass components of P. asperata decreased regardless of N supply, but the decrease showed increasing sensitivity with N supply ( Figure 1A , C and E). Thus, as moisture availability decreased to FC60, N effects were nullified. However, the N × water sensitivity of shoots was greater than that of roots. The root/shoot biomass of seedlings grown under FC80-N40 was twice that in all other combinations ( Figure 2E ). The combination of the two highest water supply treatments with N40 showed the clearest departure from overall relationship of B T vs volume ( Figure 3A) .
The B T responses of P. asperata ( Figure 1E ) were roughly consistent with those of A and g s ( Figure 6A and C) , supporting the idea that growth of its seedlings was related in part to limitation imposed on sugar production by water availability up tõ FC60, above which N supply became jointly limiting. Alternatively, water stress may have limited growth processes or sugar transport to growing regions, with the reduction in A representing a feedback (Frank et al. 2006 , Hölttä et al. 2017 . The observed A response to N × water was similar to that seen Fraxinus mandshurica seedlings . Results from the treatments with the highest water supply (FC100) suggested that N20 may be limiting carbohydrate availability as reflected in plants having low stem biomass 'density'. Although this may be interpreted as consistent with the common response of trees to N fertilization (Saranpää 2003) , it is inconsistent with the increased density observed in N40. Thus, the results suggest that the response of carbohydrate production to N × water may be involved in the observed pattern. Indeed, the pattern most closely matching that of B T for P. asperata ( Figure 1E ) is that of leaf area ( Figure 5A ), representing leaf biomass increasing with stem biomass across all treatments ( Figure 3E ), combined with treatment effects on LMA ( Figure 4A ). Thus, leaf area of P. asperata seedlings increased in proportion to B T across treatments. Also contributing were treatment effects on g s ( Figure 6C ), transferred to effects on A ( Figure 6A ) and PNUE ( Figure 8C ). Relative to their size, large P. asperata individuals have likely produced proportionally more carbohydrates than smaller individuals.
Stem density variations among treatments ( Figure 5B ) contribute to the variation in the relationship of biomass and dimension ( Figure 3A) . However, most of the variation is caused by the departure from the general relationship of B R vs B S of N40 in the two high water treatments ( Figure 3C ). The increased amount of carbohydrates produced under moderate N addition and ample water was invested in nearly proportional increases of B S (with diameter) and B R (Figures 1A, C, E and 2A, C) . Doubling N supply, increased aboveground biomass moderately (with little effect on dimensions, thus the higher 'density'), but brought about a large increase of root biomass ( Figure 2E ), suggesting that N supply kept root biomass production of N20 below its potential despite reaching or approaching the potential for aboveground dimensions and biomass.
The responses of B. albosinensis to N × water supply were very different from those of P. asperata. The biomass ( Figure  1B , D and F) and dimensions ( Figure 2B and D) show a clear threshold response at~FC60, and a maximum response by FC80, regardless of N, compared the continuous response to increasing supply of both resources in P. asperata. Also, in contrast to P. asperata, B. albosinensis showed A correlation of similar strength with g s and foliar [N] (Figure 7B and D) , but the effect of N supply on A was mostly limited to the lowest FC40, strongly decreasing with increasing N supply ( Figure 6B ). Furthermore, unlike P. asperata, A was not very sensitive to FC except at the lowest moisture, failing to provide a clear link to the growth response ( Figures 1B and 6B ).
The two species also differed in their biomass fractions. In contrast to P. asperata, biomass and dimensions of B. alnosinensis increased (when water was not limiting) with moderate N supply, but decreased with further N additions (Figure 1 ). Seedling dimensions were consistent with these changes (Figure 2 ), but the change in biomass did not keep up with the change in stem volume ( Figure 3B ). Even though B R was nearly linearly related to B S (Figure 3D ), the departure from linearity produced the observed threshold reduction in B R /B S as biomass increased with resource supply ( Figure 2F ).
As we were lacking information on leaf area of B. alnosinensis, and thus unable to deduce the likely treatment effect on carbohydrate production, we cannot definitively identify the mechanism (s) involved in the observed responses of B T ( Figures 1F and  9B) , except for excluding A as a clear candidate. However, in contrast to P. asperata for which foliar [N] of all treatments was above the level required for maximum growth in another spruce ( Figure 4C ; Ingestad 1959) , that of B. albosunensis was suboptimal for another birch ( Figure 4D ; Ingestad and Kahr 1985) for all N treatments at low water availability, in which growth was limited by soil moisture (below FC60; Figure 1B ). When water was less limiting the pattern of biomass production matched well the pattern of foliar [N] . The decrease in root/shoot biomass with foliar [N] ( Figure 5C ) suggests that allocation to foliage increased with increasing foliar [N], which was not highest in N40. Similar changes in B R /B S have been shown for three broadleaved species and a conifer (Canham et al. 1996) .
The strong correlations between B R and B S of B. alnosinensis, and its shape ( Figure 3D ) suggest that allocation is simply a function of plant size ( Figure 3B ), which, in-turn, is affected by the treatments ( Figure 3C ). Thus, lower foliar [N], lower B T and higher biomass fraction in roots suggest greater difficulty in obtaining N and producing biomass under N40 than N20 when water is not limiting. The difference in A between N20 and N40 with respect to foliar [N] under high FC was small. Thus, the explanation for N treatment differences at ≥FC60 ( Figure 1B ) may rest with a greater fraction of shoot mass in leaf. This would make this allocation flexibility different from the conservative fraction observed in P. asperata ( Figure 3E ). And again, we cannot discount the possibility of growth reduction caused by supra-optimal supply of N as it increased to N40 (Coyle et al. 2013) . If so, this might highlight a problem with many N-related growth studies (see Table S1 available as Supplementary Data at Tree Physiology Online).
We attempted to increase the generality of our results by synthesizing responses of conifers and, separately, broadleaveddeciduous species to variation in the supply of water and N using data from studies shown in Table S1 available as Supplementary Data at Tree Physiology Online (Figure 9 ). The similarity in the response of our P. asperata to the general pattern for conifers is to a large extent owing to the low number of available studies. Yet, overall, we see a progressing increase in the response of B T Tree Physiology Online at http://www.treephys.oxfordjournals.org to increasing resource supply, with no indication of saturation. The generalized response of B T of broadleaved-deciduous species is also similar qualitatively to the response of our B. albosinensis in that it shows saturation with respect to soil moisture and perhaps a supra-optimal decreasing growth with high N supply. However, the position of the peak is shifted to a much higher N supply rate than in our study, highlighting the limitation to quantitatively meshing data from different studies.
Conclusions
The slower growing P. asperata took two years to match the biomass produced in one year by B. albosinensis, yet, was able to utilize progressively increasing water supply and, from FC60, N supply in producing biomass ( Figure 9A ). In contrast, B. albosinensis responded to both water and N supply once FC reached 50%, but did not respond further above FC80 ( Figure 9B ). Greater growth at moderate N addition with easing water limitations was realized in both species by increased aboveground dimensions, and increasing both B S and B R . It is difficult to know whether higher N in the shoot increased sink strength aboveground ( Figure 5D ), allowing less carbohydrates to flow belowground, or whether high foliar [N] indicates conditions more advantageous for N uptake, necessitating lower root/shoot biomass. The latter view is somewhat supported by the observation that higher foliar [N] of B. albosinensis was associated with the moderate N supply under ample water ( Figure 4D ). This indicates that, under unlimited water supply, high N addition may create conditions not favorable for physiological activity of B. alobosinensis roots. The results suggest a greater sensitivity to drought in B. albosinensis than P. asperata, especially where N is less limiting. They also suggest that this fast-growing colonizer utilizes both resources to its potential when available, thus transitioning from minimal to fast growth over a much narrower range of soil water and N availability than the slow-growing, latesuccessional P. asperata.
Supplementary Data
Supplementary Data for this article are available at Tree Physiology Online.
